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The release of intracellular calcium (Ca21) via either inositol 1,4,5-trisphosphate receptors (IP3R) or ryanodine receptors
RyR) activates a wide variety of signaling pathways in virtually every type of cell. In the present study we demonstrate that
t early stages of development IP3R mRNA and functional IP3-gated Ca21 release channels are widely expressed in virtually
ll tissues in murine embryos. As organogenesis proceeds, more specialized RyR channels are expressed in many cell types
nd the triggering mechanisms for intracellular Ca21 release become more diverse to include IP3-dependent and
voltage-dependent and Ca21-induced Ca21 release. As development proceeds virtually all cell types continue to express IP3R
hannels but in excitable cells including skeletal and cardiac muscles the major Ca21 release channels are RyRs. This
evelopmental switch from predominantly IP3-mediated to both IP3-mediated and IP3-independent pathways for intracel-
ular Ca21 release is consistent with data showing that IP3R plays an important regulatory role in cellular proliferation andapoptosis, whereas RyR is required for other cellular functions including muscle contraction. © 1999 Academic Press
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Inositol 1,4,5-trisphosphate (IP3R) and ryanodine recep-
tors (RyR) comprise a family of Ca21 release channels
located on the endoplasmic and/or sarcoplasmic reticulum
in all cell types. These channels control intracellular Ca21
release which in turn regulates diverse cellular processes
such as muscle contraction (Catterall, 1991), oocyte fertili-
zation (Berridge, 1993), hormone secretion (Berridge, 1993),
and apoptosis. Specifically, RyR1 and RyR2 are required for
excitation–contraction (EC) coupling in skeletal (Takeshima
et al., 1994) and cardiac muscles, respectively, and IP3R1 is
required for antigen-specific T lymphocyte activation (Ja-
yaraman et al., 1995) and for the induction of apoptosis in
response to diverse stimuli (Jayaraman and Marks, 1997;
Khan et al., 1996).
Intracellular Ca21 release channels form a unique family
f ion channels; RyRs are tetramers with a molecular mass
f ;2.3 million Daltons. IP3Rs, also tetramers, have a
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Physicians & Surgeons, 630 West 168th Street, New York, NY
10032. Fax: (212) 305-3690. E-mail: arm42@columbia.edu.
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All rights of reproduction in any form reserved.olecular mass of ;1.2 million Daltons. The primary
structures of RyR subtypes 1, 2, and 3 have been deduced by
cDNA cloning from skeletal (Marks et al., 1989; Takeshima
et al., 1989; Zorzato et al., 1990) and cardiac muscle (Nakai
t al., 1990; Otsu et al., 1990) and from brain (Hakamata et
al., 1992). RyR1 and RyR2 share ;66% sequence homology,
and RyR3 is most homologous to RyR2. In the adult RyR1
is the major intracellular Ca21 release channel in skeletal
muscle and RyR2 is most abundant in cardiac muscle.
RyR3 is expressed predominantly in the diaphragm and
brain (Conti and Sorrentino, 1996). Lower levels of RyR2 are
found in brain (McPherson et al., 1991), smooth muscle
(Herrmann-Frank et al., 1991), and endothelial cells (Lesh et
al., 1993). RyR are believed to be regulated, at least in part,
by Ca21 via a mechanism known as Ca21-induced Ca21
release (Marks, 1997). One exception is in skeletal muscle
where RyR1 is thought to be regulated primarily by direct
interaction with the voltage-sensor/L-type Ca21 channel in
he plasma membrane.
Three forms of IP3R have also been identified. IP3R1 has
een cloned from rodent (Furuichi et al., 1989; Mignery et
l., 1990), Xenopus laevis oocytes (Kume et al., 1993), andhuman T cells (Harnick et al., 1995). A second IP3R cloned
from rat cerebellum (IP3R2) shares 69% identity with the
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164 Rosemblit et al.amino acid sequence of the IP3R1 (Sudhof et al., 1991;
Yamamoto-Hino et al., 1994). A third (IP3R3) shares 64%
identity with the amino acid sequence of IP3R1 (Blondel et
l., 1993; Maranto, 1994). The tissue specificity of IP3R
xpression has been examined in adult tissues and in cell
ines (Wojcikiewicz, 1995). IP3R1 is the dominant form of
a21 release channel in smooth muscle and in the cerebel-
um. In many other tissues all three forms of IP3R have
een detected and in some cases the ratios of the relative
evels of each type change during cellular differentiation
Furuichi et al., 1990; Sugiyama et al., 1994). IP3R is a
igand-activated channel that requires IP3 for its function
Ehrlich, 1995).
The present study was designed to examine whether
istinct pathways that regulate the release of intracellular
a21, those mediated by IP3R channels and those mediated
by RyR channels, are present throughout development. The
rationale behind this study was that the determination of
which types of Ca21 release channels are present at each of
he major stages of murine development provides the basis
or further understanding of how Ca21-dependent signaling
lays a role in growth and development. To determine the
evelopmental regulation of expression of intracellular
a21 release channels, RyR1, RyR2, and IP3R mRNAs were
examined using in situ hybridization in murine embryos.
Ca21 release studies were performed to determine whether
the presence of channel mRNA correlates with functional
RyR and IP3R channels.
METHODS
Preparation of Tissue Samples
Mice were mated in the afternoon of day 0 and the females were
checked for vaginal plugs on the following morning, which was
considered day 0.5 postcoitum (D0.5). Embryos were excised at
stages from D5.5 to D16.5, fixed overnight in 3% paraformalde-
hyde, and then embedded in paraffin. Seven-micrometer-thick
sections were serially cut and used for in situ hybridization and to
detect apoptosis.
Probes and in Situ Hybridization
The probes used for in situ hybridization were: (1) a 926-bp
cDNA (nucleotides 817 to 1743) located near the 59 end of the
murine type 1 IP3R (Marks et al., 1990) (in this region there is
approximately 30% homology with IP3R2 and 50% homology with
IP3R3); (2) a 1.5-kb cDNA (nucleotides 231 to 1475) located at the
59 end of the rabbit skeletal muscle RyR1 (Brillantes et al., 1994a);
and (3) a 620-bp cDNA (nucleotides 5027–5647) located in the first
third of the rabbit cardiac muscle RyR2 (Brillantes et al., 1994b).
While the IP3R cRNA probes used in the present study were
derived from the type 1 IP3R sequence, the technique used for in
situ hybridization requires hydrolysis of the probes such that the
fragments are 100 to 200 bp. Fragments of this size would be
expected to hybridize most strongly to IP3R1 but may also cross-
react with IP3R2 and IP3R3, since there are 100- to 150-bp stretches
of sequence in the IP3R1 probe which share extensive homology
with the other isoforms of IP3R. Antisense and sense cRNA probes
m
m
Copyright © 1999 by Academic Press. All rightlabeled with 35S for in situ hybridization were generated as de-
scribed previously (Moschella and Marks, 1993). Probes were
hydrolyzed to an average length of 150–200 nucleotides before use.
Paraffin sections, 7 mm thick, were obtained from murine embryos,
s described above, and collected onto coated slides (Superfrost
lus, Fisher). Slides were fixed in 3% paraformaldehyde for 20 min,
insed in 23 SSC, incubated for 30 min with proteinase K (3 mg/ml
n 0.1 M Tris, pH 7.5, 0.01 M EDTA), rinsed in 23 SSC, incubated
n 0.2 N HCl, rinsed and treated with acetic anhydride (0.25% in
.1 M triethanolamine buffer, pH 8.0) for 10 min, rinsed and
ehydrated in ascending concentrations of alcohol, dried, and
ybridized overnight at 50°C. Approximately 3 3 106 cpm of each
antisense and sense probe was applied to individual slides in 75-ml
olume. The slides were then washed in 50% formamide, 23 SSC
t 65°C for 30 min. Treatment with 20 mg/mL RNase A was
followed by a final wash in 23 SSC at 50°C for 10 min. Slides were
ipped in NBT Kodak emulsion and exposed for 2 weeks. Speci-
ens were photographed using a Zeiss Axiophot microscope
quipped with a dark-field condenser.
RNA Preparation and Northern Hybridization
Analysis
Total cellular RNA was purified using the guanidinium isothio-
cyanate/cesium chloride centrifugation method as previously de-
scribed (Marks et al., 1989). RNA was quantitated by spectropho-
tometry at 260 nm, and the ratio of absorbance at 260 nm to that at
280 nm was greater than 1.8 for all samples. Degradation of RNA
samples was monitored by the observation of appropriate 28S/18S
ribosomal RNA ratios as determined by ethidium bromide staining
of the agarose gels. Total cellular RNA (20 mg) was size fractionated
on formaldehyde agarose gels run at 30 mA overnight to improve
resolution of high molecular weight mRNAs. RNA transfer onto
nitrocellulose filters was conducted overnight using 103 SSC
transfer buffer. Filters were then baked at 80°C in a vacuum oven
for 2 h and prehybridized overnight in buffer containing 53
Denhardt’s solution (0.02% polyvinylpyrrolidone/0.02% Ficoll/
0.02% bovine serum albumin), 53 SSC (13, 0.15 M NaCl/0.015 M
sodium citrate, pH 7.0), 0.025 M sodium phosphate (pH 7.4),
sonicated calf thymus DNA (50 mg/ml), 0.1% SDS, and 50% (v/v)
formamide. Blots were hybridized with cDNA probes in the same
buffer mixture overnight at 42°C and washed at a final stringency
of 0.23 SSC/0.1% SDS at 65°C for 15 min. Filters were exposed at
280°C on X-ray films (X-Omat, AR, Eastman Kodak, Rochester,
NY) with a single intensifying screen.
Ca21 Measurements
Freshly dissociated murine embyronic cardiomyocytes or skel-
etal myotubes were added to coverslips coated with Cell-Tak
(Biocoat) and incubated for 20 min at 37°C. Ca21 signaling in
developmental stages prior to D8.5 were examined using vesicles
prepared from homogenized whole embryos. Cells or vesicles were
incubated with 5 mM fluo-3/AM for 40 min at 37°C, diluted
0-fold, and incubated for an additional 30 min at 37°C. The cells
ere washed 33 with Krebs–Ringer solution containing 1 mM
a21 or 40 mM Ca21 (considered Ca21 “free”). Coverslips were
ounted into a microscope tissue chamber and temperature was
aintained at 37°C and measurements were performed essentially
s described previously (Gillo et al., 1993) using fluo-3, an inverted
icroscope equipped with a 403 oil-immersion objective, and
ounted with a photometer head (PMQII) and MAC 1000 control-
s of reproduction in any form reserved.
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165Developmental Switch in Calcium Release Channelsler equipped with two filter wheels for dual excitation and emis-
sion fluorescent dyes (Ludl Electronic Products, Scarsdale, NY).
Data analysis was with SCOPE software (Kinetek, Yonkers, NY).
The following filters were used for fluorescent dyes: excitation
filter 485DF22, emission filter 530DF30, and dichroic beam splitter
505DRLP (Omega Optics Inc., Brattleboro, VT). Vesicles were
plated on coverslips (No. 0-0, Biophisica Technologies, Baltimore,
MD). Data analysis was performed using Kinephoto software
(Kinetek). At the conclusion of each trial, maximal fluorescence
(Fmax) was obtained by addition of 5 mM ionomycin and 5 mM
CaCl2. Minimal fluorescence was obtained by exchanging the Ca21
solution with 20 mM EGTA. [Ca21]i was calculated from these
values using the equation [Ca21]i 5 Kd(F 2 Fmin)/(Fmax 2 F), where Kd
is 400 nM (Kao et al., 1989).
In Situ Apoptosis Detection
Apoptosis was detected using an in situ apoptosis detection kit
(Trevigen, Gaithersburg, MD). Whole paraformaldehyde-fixed
mouse embryos at D14.5 were embedded in paraffin, as discussed
above, and 7-mm serial sections were cut onto glass slides (Super-
rost plus, Fisher). After deparaffinization, sections were rehydrated
nd treated with proteinase K (1 mg in 50 ml of deionized water) for
15 min at room temperature. Endogenous peroxidase was blocked
by treatment with 2% hydrogen peroxide at room temperature for
5 min. Terminal deoxynucleotidyl transferase (15 U) and 1 ml of
both a 0.25 mM biotinylated nucleotide mix and a 50 mM Co12
solution in a labeling buffer were added and sections were incu-
bated at 37°C for 1 h. After addition of 10 mM EDTA (pH 8.0),
sections were washed and incubated with streptavidin–horseradish
peroxidase detection solution (100 mg/ml) for 10 to 20 min at room
emperature. The staining was developed in a diaminobenzidine
olution (0.5 mg/ml in PBS with 0.03% hydrogen peroxide) for 5 to
0 min at room temperature. After washing with distilled water,
.5% methyl green was applied as a counterstain. HL-60 cells
ncubated in 1 mM staurospaurine for 6 h were used as a positive
ontrol. For a negative control, staining of mouse embryo sections
as performed with the omission of terminal deoxynucleotidyl
ransferase. Positive staining was assessed by light microscopy.
RESULTS
The specificities of the cRNA probes used for in situ
hybridizations were examined using Northern hybridiza-
tions with total RNA isolated from mouse tissues as shown
in Fig. 1. The probe used for the IP3R1 recognized a single
10-kb mRNA in heart, brain, and skeletal muscle and in
D12.5 murine embryonic tissues (Fig. 1). The highest level
of expression was in the brain as previously reported (Marks
et al., 1990). The probe used for RyR1 hybridized to a single
16-kb mRNA in skeletal muscle and in D12.5 murine
embryonic tissues (Fig. 1). The probe used for RyR2 hybrid-
ized to a single 16-kb mRNA in heart and brain and in
D12.5 murine embryonic tissues (Fig. 1).
Figure 2 shows that IP3R mRNA is detected as early as
D5.5 in the inner cell mass. Expression of IP3R mRNA
increases during early development as it becomes expressed
in the primitive streak (Fig. 2). By D8.5, IP3R mRNA is
present at high levels in the developing heart tube and in
the neural tube. IP3R mRNA levels continue to rise par-
Copyright © 1999 by Academic Press. All righticularly in the neural tube and somites as well as the
ranchial arch. By D10.5, IP3R mRNA is detected in the
eveloping heart ventricle, the mesenchyme, neural tube,
nd in the gastrointestinal tract.
By D12.5 (Fig. 3), IP3R mRNA is detected in all organ
ystems. Particularly high levels of IP3R mRNA are seen in
he choroid plexus, cerebral cortex, and pituitary gland. At
14.5 IP3R mRNA is found in all organs, including the
lfactory epithelium, thymus, choroid plexus heart, and
idney. By D16.5, IP3R mRNA is detected in many organs
ncluding thymus, heart, and brown fat, but the levels are
alling. At this stage of development the highest levels of
P3R mRNA are found in the cerebellum and cortex (Fig. 3).
Temporally, the next intracellular Ca21 release channel
mRNA to be expressed is RyR2 which is first detected in
the developing heart tube at D8.5 (Fig. 4). RyR2 mRNA
continues to be expressed primarily in the developing heart
and by D10.5 it appears in the somites. Figure 5 shows that
by D12.5 RyR2 mRNA is highest in the developing heart
and is also detected in the liver. However the high level of
FIG. 1. Northern blot analysis demonstrating IP3R, RyR1, and
RyR2 mRNA in murine tissues. Fifteen micrograms of total RNA
from adult heart, brain, skeletal muscle, and D12.5 embryos was
loaded in each lane. The blots were hybridized with a-32P-labeled
P3R1, RyR1, and RyR2 cDNA probes. All three probes identified
pecific single bands in embryonic total RNA. IP3R mRNA was
etected as a single ;10-kb mRNA in all three tissues, RyR1 was
single 16-kb mRNA in skeletal muscle, and RyR2 was a single
6-kb mRNA in heart and brain. Autoradiographic exposures were
or 5 days. Ethidium bromide staining of the 28S ribosomal RNA is
hown after transfer to indicate the relative amounts of total RNA
n each lane on the Northern filter.signal seen with the sense (negative control) probe indicates
that much of the signal in the liver is nonspecific. By D14.5,
s of reproduction in any form reserved.
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166 Rosemblit et al.FIG. 2. Detection of IP3R mRNA in murine embryos by in situ hybridization. Representative 7-mm-thick paraffin sections of murine
mbryos at days 5.5 (cross-section), 6.5 (cross-section), 7.5 (sagittal section), 8.5 (transverse section), 9.5 (transverse section), and 10.5
sagittal section) postcoitum were hybridized with antisense (middle panels) or sense (adjacent section, panels on right) 35S-labeled IP3R1
cRNA probes corresponding to the sequence of the cDNA probe used for Northern blot analysis in Fig. 1. The bright-field image for each
developmental stage is shown in the panels on the left. Specimens were visualized using a microscope equipped with a dark-field condenser
(middle and right panels). A signal above background was detected with the antisense probe (middle panels) in the inner cell mass (ICM)
at D5.5, the primitive streak (PS) at D6.5 and D7.5, the mesoderm at D7.5, the primitive heart (H) and neural tube (NT) at D8.5, the neural
tube (NT), somites (S) and brachial arch (BA) at D9.5, and the ventriculus communi (V), telencephalon (T), rhombencephalon (R), and
mesencephalon (M) at D10.5. No signal above background was detected in these structures with the sense probe (panels at right). Bar, 160 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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sFIG. 3. Detection of IP3R mRNA in murine embryos by in situ hybridization. Representative 7-mm-thick frozen sagittal sections of
murine embryos at 12.5, 14.5, and 16.5 days postcoitum were hybridized with antisense (middle panels) or sense (adjacent section, panels
on right) 35S-labeled IP3R1 cRNA probes corresponding to the sequence of the cDNA probe used for Northern blot analysis in Fig. 1. The
right-field image for each developmental stage is shown in the panels on the left. Specimens were visualized using a microscope equipped
ith a dark-field condenser (middle and right panels). A signal above background was detected with the antisense probe (middle panels) in
he cerebellum (Cb), choroid plexus (Ch), cerebral cortex (CC), pituitary gland (PG), and heart (H) at D12.5, D14.5, and D16.5; in the thymus
Th), olfactory endothelium (OE), and kidney (K) at D14.5; and in brown fat (BF) at D16.5 No signal above background was detected in these
tructures with the sense probe (panels at right). Bar, 800 mm.
168 Rosemblit et al.FIG. 4. Detection of RyR2 mRNA in murine embryos by in situ hybridization. Representative 7-mm-thick paraffin sections of murine
embryos at days 5.5 (cross-section), 6.5 (cross-section), 7.5 (sagittal section), 8.5 (transverse section), 9.5 (transverse section), and 10.5
(sagittal section) were hybridized with antisense (middle panels) or sense (adjacent section, panels on right) 35S-labeled RyR2 cRNA probes
corresponding to the sequence of the cDNA probe used for Northern blot analysis in Fig. 1. The bright-field image for each developmental
stage is shown in the panels on the left. Specimens were visualized using a microscope equipped with a dark-field condenser (middle and
right panels). No signal above background was detected with the antisense probe (middle panels) in the inner cell mass (ICM) at D5.5, the
primitive streak (PS) at D6.5 and D7.5, or the heart fold (HF) at D7.5. The first RyR2 mRNA signal detected was in the developing heart
tube (HT) at D8.5. No RyR2 signal was detected in the somites (S) at D8.5. RyR2 signal was increased in the heart at D9.5, while there was
no signal in the brachial arch (BA) at this stage. At D10.5, there was an RyR2 signal in the somites and in the heart. No signal above
background was detected in these structures with the sense probe (panels at right). Bar, 160 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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169Developmental Switch in Calcium Release ChannelsFIG. 5. Detection of RyR2 mRNA in murine embryos by in situ hybridization. Representative 7-mm-thick paraffin sagittal sections of
murine embryos at 12.5, 14.5, and 16.5 days postcoitum were hybridized with antisense (middle panels) or sense (adjacent section, panels
on right) 35S-labeled RyR2 cRNA probes corresponding to the sequence of the cDNA probe used for Northern blot analysis in Fig. 1. The
right-field image for each developmental stage is shown in the panels on the left. Specimens were visualized using a microscope equipped
ith a dark-field condenser (middle and right panels). A signal above background was detected with the antisense probe (middle panels) inhe heart (H) and liver (L) at D12.5, D14.5, and D16.5 No signal above background was detected in these structures with the sense probe
panels at right). Bar, 800 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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170 Rosemblit et al.RyR2 mRNA levels are highest in the heart but the expres-
sion in the liver now is significantly higher than the control
(sense probe) indicating that the hepatic signal for RyR2
mRNA is now more specific than that seen at D12.5. The
signal for RyR2 mRNA shown in the arch of the aorta
taking off from the heart is seen in red blood cells which do
not contain any form of RyR and therefore is nonspecific
(Fig. 5). By D16.5 RyR2 mRNA is present in the heart and
blood vessels as well as in the liver.
The skeletal muscle RyR1 is not detected until D9.5,
when it is detected in the myotome of the somites, as
shown in Fig. 6. RyR1 mRNA expression continues through
D10.5 in the myotome of the somites. By D12.5 through
D16.5, RyR1 mRNA is detected primarily in the developing
skeletal muscle mass including the muscles of the neck, the
tongue, the diaphragm, and the muscles of the limbs, and
finally, by D16.5,in the cerebral cortex (Fig. 7).
To determine whether the expression of intracellular
Ca21 release channel mRNA correlates with channel func-
ion we examined caffeine-induced Ca21 release in hearts
solated from mouse embryos and loaded with fluo-3. The
ationale behind these studies was that evidence for func-
ional IP3-induced Ca21 release would indicate that IP3R
channel protein was present, and caffeine-induced Ca21
release would indicate that RyR channels were present. To
determine whether IP3R mRNA expression correlates with
function, IP3-induced Ca21 release in homogenates prepared
rom whole mouse embryos was examined. IP3-induced
a21 release was detected in D5.5 embryos the earliest
stages in which IP3R mRNA was detected (Fig. 8A) and in
D8.5 embryos (Fig. 8B). These data indicate that functional
IP3R channels are present in the murine embryo as early as
D5.5. As shown in Figure 8C, caffeine-induced Ca21 release
(mediated by RyR/Ca21 release channels) was detected in
the D8.5 heart, the earliest stage of which RyR2 mRNA was
present. No response to caffeine was detected when em-
bryos from earlier stages were examined (data not shown).
This result indicates that functional RyR channels are
present in the heart at D8.5
Although it is well accepted that RyR1 and RyR2 are
expressed primarily on the terminal cisternae of the SR
where they participate in EC coupling, in many types of
cells the role of cellular IP3R and the localization of IP3R
expression remain more uncertain. In the present study we
determined whether there was a temporal correlation be-
tween the expression of IP3R and apoptosis in tissues that
are known to undergo programmed cell death. The rationale
behind the following experiments was that we have previ-
ously demonstrated that inhibiting the expression of IP3R1
blocks apoptotic signaling in T lymphocytes (Jayaraman
and Marks, 1997) and overexpression of IP3R1 sensitizes
cells to inducers of apoptosis (A. R. Marks, unpublished
data). We found that IP3R mRNA was present in apoptotic
cells in the interdigital regions of the developing limb at
D16.5 (Fig. 9).
Copyright © 1999 by Academic Press. All rightDISCUSSION
The goal of the present study was to determine whether
distinct types of Ca21 release channels are expressed at
pecific stages during embryogenesis. We find that IP3R
RNA is expressed as early as 5.5 days postcoitum in the
ouse embryo. IP3R1 mRNA is expressed at high levels in
irtually all structures from D5.5 through D12.5 and then
ts expression becomes tissue specific with the highest
evels in the central nervous system. RyR2 mRNA is
xpressed as early as D8.5 in the heart tube and continues to
e expressed at high levels in cardiac tissues. RyR1 mRNA
s expressed as early as D9.5 in the myotome and later at
igh levels in developing skeletal muscles (Table 1). Previ-
us studies have demonstrated that RyR1 and RyR2 expres-
ion in skeletal and cardiac muscles increases significantly
uring the first few days after birth and reaches a steady
tate in the adult, whereas IP3R mRNA levels decline after
irth (Brillantes et al., 1994b; Marks, 1992).
In the present study we examined the regulation of
yR1, RyR2, and IP3R during embryonic development.
yR1, RyR2 and IP3R mRNAs were examined using in
itu hybridization in murine embryos. At D5.5 and D8.5
P3R mRNA was present in the mesenchyme, dermatome,
clerotome, neural tube, and heart. At D8.5 RyR2 mRNA
as detected in the heart and at D9.5 in the myotome. At
9.5 RyR1 mRNA was detected only in the myotome.
IP3-induced intracellular Ca21 release was detected in
mbryonic tissues from D5.5 onward. Functional RyR was
etected at D8.5 in the heart and at later stages in skeletal
uscle.
The tissue specificity and developmental regulation of
he mRNAs encoding RyR1, RyR2, and IP3R1 imply that
istinct signaling pathways, generally those regulated by
he second messenger IP3, are most important during the
rst third of murine embryogenesis. During the second
hird of embryogenesis, as organ development progresses,
yRs are expressed presumably to provide more specialized
echanisms of intracellular Ca21 release particularly in the
eveloping heart and skeletal muscles. High levels of IP3R
re seen during the latter stages of embryogenesis, particu-
arly in organs where cells undergo apoptosis as part of their
evelopmental programs such as limbs, the central nervous
ystem, and the thymus. During myogenesis IP3R levels
all as myoblasts differentiate to myocytes and myotubes.
hese data suggest that IP3-mediated intracellular Ca21
release is present during early embryogenesis when it
appears to be involved in signaling leading to differentiation
and apoptosis. Interestingly, IP3R1 is detected at compara-
tively high levels in the earliest stages of both skeletal and
cardiac muscle development, whereas in the adult IP3R
levels are much lower compared to RyR in striated muscles
(Moschella et al., 1995; Moschella and Marks, 1993). As
embryonic development progresses, IP3R in skeletal myo-
blasts is largely replaced by RyR channels that are specifi-
cally adapted for EC coupling.
Many tissues continue to express both forms of intracel-
s of reproduction in any form reserved.
171Developmental Switch in Calcium Release ChannelsFIG. 6. Detection of RyR1 mRNA in murine embryos by in situ hybridization. Representative 7-mm-thick paraffin sections of murine
embryos at days 5.5 (cross-section), 6.5 (cross-section), 7.5 (sagittal section), 8.5 (transverse section), 9.5 (transverse section), and 10.5
(sagittal section) were hybridized with antisense (middle panels) or sense (adjacent section, panels on right) 35S-labeled RyR1 cRNA probes
corresponding to the sequence of the cDNA probe used for Northern blot analysis in Fig. 1. The bright-field image for each developmental
stage is shown in the panels on the left. Specimens were visualized using a microscope equipped with a dark-field condenser (middle and
right panels). No signal above background was detected with the antisense probe (middle panels) in the inner cell mass (ICM) at D5.5, in
the primitive streak (PS) at D6.5 and D7.5, or in the heart (H) or somites (S) at D8.5. The first RyR1 mRNA signal detected was in the
myotomes of the somites (M) at D9.5 (inset, transverse section). This signal is not seen in the larger section because the plane does not
include the skeletal myotomes shown in the inset. There was no signal in the ventricle (V) or atria (A) or rhombencephalon (R) at this stage.
Likewise, at D10.5 there was an RyR1 signal in the myotomes of the somites (M), but none in the ventricle (V), atria (A), or neural tube (NT).
No signal above background was detected in these structures with the sense probe (panels at right). Bar, 160 mm.
b
w
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bFIG. 7. Detection of RyR1 mRNA in murine embryos by in situ hybridization. Representative 7-mm-thick paraffin sagittal sections of
murine embryos at 12.5, 14.,5 and 16.5 days postcoitum were hybridized with antisense (middle panels) or sense (adjacent section, panels
on right) 35S-labeled RyR1 cRNA probes corresponding to the sequence of the cDNA probe used for Northern blot analysis in Fig. 1. The
right-field image for each developmental stage is shown in the panels on the left. Specimens were visualized using a microscope equipped
ith a dark-field condenser (middle and right panels). A signal above background was detected with the antisense probe (middle panels) in
he cerebral cortex (CC) and tongue (TG), but not in the heart (H) or mesencephalon (M) at D12.5; in the masseter muscle (MM), diaphragm
D), and foot (F) but not in the heart (H) at D14.5; and in the tongue (TG), foot (F), and cerebral cortex (CC) at D16.5. No signal above
ackground was detected in these structures with the sense probe (panels at right). Bar, 800 mm.
sm
C
to d
173Developmental Switch in Calcium Release Channelslular Ca21 release channels. In the liver, for example, by
D12.5 both IP3R and RyR2 are detected. Elevation of
cytosolic Ca21 levels has been shown to occur after expo-
ure to hepatotoxins such as CCl4. Recent data suggest that
FIG. 8. Ca21 signaling via IP3R and RyR in murine embryos. (A) I
whole mouse embryos. (B) IP3-induced Ca21 release in homogenate
release in hearts isolated from D8.5 mouse embryos. ATP and cre
experiment ionomycin (IMC, 5 mM final concentration) was added
arbitrary units) is plotted versus time.metabolism of CCl4 to reactive species by cytochrome P450
ay result in activation of a ryanodine-sensitive hepatic
Copyright © 1999 by Academic Press. All righta21 channel which could explain the elevated cytosolic
Ca21 levels found in the liver after exposure to hepatotoxins
(Stoyanovsky and Cederbaum, 1996).
We have previously reported that the IP3R plays a critical
duced (5 mM IP3) Ca21 release in homogenates prepared from D5.5
pared from D8.5 while mouse embryos. (C) Caffeine-induced Ca21
kinase were added to load vesicles with Ca21 At the end of each
etermine the maximal Ca21 signal. Change in fluorescence (DF/F,P3-in
s pre
atinerole in apoptotic signaling. T lymphocytes (Jurkat) that
were made deficient in IP3R1 were resistant to apoptosis
s of reproduction in any form reserved.
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174 Rosemblit et al.induced by Fas activation, irradiation, and dexamethasone
FIG. 9. IP3R mRNA detected by in situ hybridization in the in
right-field images of sections shown in dark field in c and d, resp
ut not in the muscle masses (MM) where RyR1 mRNA was detecte
eoxynucleotidyl transferase-mediated UTP nick end labeling (TU
nterdigital regions colocalizing with increased expression of IP3R(Jayaraman and Marks, 1997). We postulated that activation
of a Ca21-dependent enzyme, probably calcineurin (A. R.
i
t
Copyright © 1999 by Academic Press. All rightarks, unpublished data), is required for apoptotic signal-
ital spaces of the webbed foot at day 16.5 postcoitum. (a and b)
ely. IP3R mRNA was detected in the interdigital regions (IDR, c),
. Higher magnification of an adjacent section stained with terminal
to detect fragmented DNA shows apoptotic cells in the hindlimb
A (e). RyR2 mRNA was not detected in the foot (f). Bar, 20 mm.terdig
ectiv
d (d)ng, perhaps to enable translocation of a “death” factor from
he cytoplasm to the nucleus. It is interesting, therefore, to
s of reproduction in any form reserved.
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175Developmental Switch in Calcium Release Channelssee that tissues such as the interdigital webbed spaces that
are known to undergo apoptosis during development have
comparatively high levels of IP3R1. We chose to examine
the interdigital regions to correlate the expression of IP3R
with apoptosis because programmed cell death is well
described in this tissue. Indeed apoptosis occurs in many
organs during development and the widespread expression
of the IP3R at high levels in most developing organs may, at
least in part, be linked to pathways that regulate both
cellular proliferation and differentiation, as well as cell
death (Marks, 1997).
Apoptosis has also been proposed to play an important
role in the pathogenesis of heart failure (Olivetti et al.,
1997). We previously reported that IP3R expression is
elevated in the myocardium of patients with endstage heart
failure (Go et al., 1995). It has been reported that IP3R1 is
xpressed in the heart (Moschella and Marks, 1993), IP3R2
s expressed in cardiomyocytes (Perez et al., 1997), and
particularly high levels of IP3R are found in the Purkinje
fibers in the heart which form the pathways for conducting
electrical signals throughout the myocardium (Gorza et al.,
1993) and in the intercalated discs (Kijima et al., 1993). In
he present study we show that IP3R is expressed at the
arliest stages of cardiac development. These findings sug-
est that the IP3R could have a role in signaling during
ardiomyocyte and skeletal myocyte development, since
he levels of IP3R are considerably higher in embryonic
triated muscle than in the adult. However, persistent
xpression of IP3R in both skeletal (Moschella et al., 1995)
and cardiac myocytes (Moschella and Marks, 1993) suggest
that IP3-induced intracellular Ca21 release continues to
play a signaling role in differentiated striated muscle, per-
haps related to cell growth and/or apoptosis as we have
TABLE 1
Stage
(days) 5.5 6.5 7.5 8.5
IP3R Inner cell
mass
Ectoendoderm,
primitive
streak
Ectoendoderm,
primitive
streak
Mesenchyme,
heart tube,
neural tube
RyR2 Heart tube
RyR1
Function IP3-induced
Ca21
release
IP3-induced
Ca21 release
IP3-induced
Ca21 release
IP3- and
caffeine-
induced
Ca21
releaseshown previously in T lymphocytes (Jayaraman and Marks,
1997; Jayaraman et al., 1995).
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